Mass of the Electroweak Monopole 
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We present two independent methods to estimate the mass of the electroweak monopole. Our 
result strongly implies the existence of a genuine electroweak monopole of mass around 4 to 7 TeV, 
which could be detected by MoEDAL at present LHC. 
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The recent "discovery" of Higgs particle at LHC has 
reconfirmed that the electroweak theory of Weinberg de- 
scribes the real world If so, one might ask what would 
be the next hot subject in the standard model. Certainly 
there could be different opinions, but one thing must be 
clear. We must look for the electroweak monopole be- 
cause the theory provides the natural topology for the 
monopole @, H[ . The existence of the topology strongly 
implies that the electroweak monopole must exist. 

So it is timely that the latest MoEDAL detector ( "The 
Magnificient Seventh") at LHC is actively searching for 
such monopole Under this circumstance we urgently 
need to have a theoretical estimate of the monopole mass. 
The purpose of this Letter is to estimate the mass of the 
electroweak monopole to be around 4 to 7 TeV. 

It is well known that the Gcorgi-Glashow model has 
the 'tHooft-Polyakov monopole [5]. But it has been as- 
serted that the standard electroweak theory of Weinberg- 
Salam has no topological monopole of physical interest 
Q. The basis for this "non-existence theorem" is that 
with the spontaneous symmetry breaking the quotient 
space SU(2) x U(l)/U(l) em allows no non-trivial second 
homotopy. This claim, however, is unfounded. In fact the 
electroweak monopole and dyon solutions in the standard 
model have been shown to exist 0, 9 ■ 

This is because the Weinberg-Salam model, with the 
hypercharge U(l), could be viewed as a gauged CP 1 
model in which the (normalized) Higgs doublet plays the 
role of the CP 1 field [2j. So the Weinberg-Salam model 
does have exactly the same nontrivial second homotopy 
as the Georgi-Glashow model which allows topological 
monopoles. Originally the electroweak monopole (known 
as the "Cho-Maison" monopole) was obtained by a nu- 
merical integration, but subsequently a mathematically 
rigorous existence proof has been established by Yang [3| . 

The importance of the Cho-Maison monopole is that 



it is the straightforward and unavoidable generalization 
of the Dirac monopole to the electroweak theory. This 
means that the monopole which should exist in the real 
world is not likely to be the Dirac monopole but this one. 

Actually the Cho-Maison monopole may be viewed as 
a hybrid between the Dirac monopole and the 'tHooft- 
Polyakov monopole, because it has a U(l) point singu- 
larity at the center even though the SU(2) part is com- 
pletely regular. Consequently it carries an infinite energy 
classically, which means that the mass of the monopole 
can be arbitrary. A priori there is nothing wrong with 
this, but nevertheless one may wonder whether one can 
estimate the mass of the electroweak monopole to help 
the MoEDAL experiment. In the following we show that 
this is possible. 

Consider the standard Weinberg-Salam model, 
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where <j) is the Higgs doublet, and G^ v are the gauge 
field strengths of SU{2) and U(l) with the potentials A M 
and B^. Now choose the spherical coordinates (t, r, 9, cp) 
and the static spherically symmetric ansatz 



= ± P (r)ae,v), 
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-A{r)d^t f + -(f{r) - 1) f x d^f, 
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B M = -B(r)d»t 
9 
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-(1 - cos 0)9^. 
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Notice that the apparent string singularity along the neg- 
ative z-axis in £ and is a pure gauge artifact which 
can easily be removed making U(l) non-trivial. So the 
above ansatz describes a most general spherically sym- 
metric ansatz of the electroweak dyon. 



2 



In terms of the physical fields the Lagrangian (fTJ) is 
written as 

r— n\ 2 ^ ( n 2 2 ^A 2 1 p(em)2 1 7 2 
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+ieF^w;w„ + g -(w;w„ - w;wrf, (3) 

where p, W M , Z^ are the Higgs, W, Z bosons, D^ m ^ = 

d tl +ieA l £ m ' > , and e = gg' j \J g 2 + g' 2 is the electric charge. 
Moreover, the ansatz ^ becomes 

p = P (r), W ll = -^-e^{a iA + iemea it <p), 
9 v2 

4 cm) = + ^ttW - -a - cos^s^, 

y <7 e 



^ = -(A(r)-B(r))^. 
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With this we have the equations of motion 
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which has a singular solution 



/ = 0, p = Po = vV/A, 
Z„ = 0, 4 cm) =--(1-008 0)^. 
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This describes the point monopole in Weinberg-Salam 
model which has two remarkable features. First, this 
is not the Dirac monopole because it has the magnetic 
charge 47r/e (not 2w/e). Second, this monopole with a 
non-trivial dressing of weak bosons becomes the Cho- 
Maison dyon which looks similar to the Julia-Zee dyon 
Q. But, unlike the Julia-Zee dyon, the Cho-Maison dyon 
still carries the point singularity at the origin Q. 

The point singularity of the Cho-Maison monopole 
makes it difficult to estimate the mass classically. On 
the other hand, if we treat the electroweak monopole as 
a finite energy soliton, we can do that. In this letter 
we present two ways to estimate mass of the electroweak 
monopole. 

A) A Scaling Argument 

A simple way to make the energy of the monopole 
finite is to introduce a UV-cutoff which can remove the 



singularity. But introducing an explicit UV-cutoff is not 
easy to do. So, assuming a UV-cutoff, we use the Der- 
rick's scaling argument to estimate the monopole mass. 

If a finite energy monopole does exist, it should be 
stable under the rescaling of its field configuration. So 
consider a static monopole configuration and let 

K A = \J F 2 d 3 x, K B = \J B%d 3 x 

K*= j \V^\ 2 d 3 x, V*=\J (H 2 - ^fd 3 x. (7) 

With the ansatz © we have (with A = B = 0) 
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Notice that Kb makes the monopole energy infinite. 
Now, consider the scale transformation 

x — > Xx. 

Under this we have Ak(x) — > XAk(Xx), Bk{x) 
XBk(Xx), and 4>{x) — > <fi(Xx), so that 

K A XK A , K B -> XK B , 
K A -> X~ 1 K rl>1 Vs -> A- 3 ^. 



(9) 
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From this we have the following condition for the stable 
monopole configuration 



(11) 



From this we can infer the value of Kb since the three 
terms K A , K,p, V$ are finite. 

For the Cho-Maison monopole we have (with Mw — 
80.4 GeV, Mjj ^ 125 GeV, and sin 2 9 W = 0.2312) 

4-7T 47T 

K A ~ 0.1852 x —^-Myjr, Ka, — 0.1577 x —^-My/, 



Vs ~ 0.0011 x %M W . 



This, with (JTTJI, tells that 



47T 



K B ^ 0.0058 x —M w . 



(12) 



(13) 



From this we estimate the energy of the monopole to be 



E ~ 0.3498 x %M W ~ 3.85 TeV. 



(14) 



This strongly implies that the electroweak monopole of 
mass around a few TeV could be possible. 
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One might wonder if there is any independent 
backup argument which can support this estimate of the 
monopole mass. Now we show that we can actually reg- 
ularize the Cho-Maison monopole, and that the regular- 
ized monopole has the energy predicted by the above 
argument. 

B) Electromagnetic Regular izat ion 

Notice that ([3]) describes the "bare" theory which 
should change to an "effective" theory after the quantum 
corrections. Moreover, the "real" dyon we are looking for 
must be the solution of the effective theory. Now, suppose 
the quantum corrections change the coupling strengths of 
the magnetic moment and quartic self interactions of W 
boson and modify (|3]) by 5C, 

SC = iaeF^W;W v + ^g 2 (w;w u - W^W^f. (15) 

In this case the energy of the dyon is given by 
E = Eq + E\ , 
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Clearly E± could be made finite with a proper boundary 
condition, but notice that when a — /3 = 0, Eo becomes 
infinite. 

To make Eo finite we must require 

1 + 4 - 2 (! + «)/» + (1 + W 4 (°) = °> 
9 

(l + a)/(0)-(l + /?)/ 3 (0)=0. 
Thus we must have 
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In this case the equations of motion ([S]) remains exactly 
the same, except that the first equation is replaced by 
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l)f=(^P 2 -A 2 )f. 



(19) 
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This can be integrated with the boundary conditions 

/(0) = 1, A(0)=0, fl(0) = 6o, P(0) = 0, 
/(oo)=0, A(oo) = B(pa), p(oo) = p . (20) 

The finite energy dyon solution, together with the Cho- 
Maison dyon, is shown in Fig. 1. It is really remarkable 
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FIG. 1: The analytic electroweak dyon solution. The solid 
lines represent the finite energy dyon and dotted lines repre- 
sent the Cho-Maison dyon, where Z — A — B and we have cho- 
sen sin 2 W = 0.2312, M H /M W = 1-56, and A(oo) = M w /2. 



that the finite energy solution looks almost identical to 
the Cho-Maison solution, even though it no longer has 
the singularity at the origin. 

From the solution we have the following energy of the 
monopole (with A = B = 0) 



E ~ 0.6104 x %M W ~ 6.72 TeV. 

e 2 - 



(21) 



This strongly supports the mass estimate based on the 
scaling argument. 

What is more, changing the W boson mass from gpo /2 
to epo we can obtain the explicitly analytic monopole 
solution. To see this let a = (/(0) = g/e) and add the 
mass correction term SC in the Lagrangian, 



5C' = -(e 2 - 9 -)p 2 \W,\ 2 . 



(22) 



In this case we can show that the energy of the monopole 
in the limit A = is bounded from below by 

47T 8tt 

E > —po = sin 9 W M W ~ 5.08 TeV. (23) 
e e z 

Moreover, we can saturate this bound with the following 
Bogomol'nyi type equation 



f±epf = 0, 

p±^(^/ 2 -l)=0, 
er z g z 



(24) 



which has the analytic solution which looks very much 
like the Prasad-Sommerfield solution 

f = ■ \ ' P = Pa coth(ep f ) • (25) 

smhyepor) er 

This confirms that, as far as the topological structure is 
concerned, the standard model is not much different from 
the Georgi-Glashow model. 
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Of course, the finite energy solutions are the solu- 
tions of the "effective" theory modified by (TT5j) and (f2"2"j) . 
And we do not know how good this modification is. So, 
strictly speaking they are only approximate solutions of 
the standard model. Nevertheless they have important 
physical implications, because Fig. 1 demonstrates that 
they can be viewed as the regularized Cho-Maison dyon. 
This justifies that we can estimate the mass of the elec- 
troweak monopole with the approximate solutions. 

Independent of the details there is an intuitive ar- 
gument which strongly supports the above analysis. 
Roughly speaking, the mass of the electroweak monopole 
should come from the same mechanism which generates 
the mass to the weak bosons, except that the coupling 
is given by the monopole charge. This means that the 
monopole mass should be of the order of M\y /a em , where 
a em is the electromagnetic fine structure constant. This 
solidly supports the above analysis. 

The fact that the electroweak theory has the 
monopole topology strongly implies the existence of the 
electroweak monopole. Certainly our estimate of the 
mass should be very useful to detect such monopole ex- 
perimentally. Another crucial information for the exper- 
iment is that this monopole obeys the Schwinger quan- 
tization rule eg — Aim, not the Dirac quantization rule 
eg = 2nn. This is because the U(l) subgroup of SU{2) 
has the period An. 

We close with the following remarks: 
1. It must be emphasized that the effective theory we 
have used to regularize the Cho-Maison dyon does not 
violate the spirit of the renormalizability of the standard 
model. The extra terms ([T5|) and (|22|) simply modify 
the coupling strengths of the existing interactions. So we 
do not need a new interaction. But in the perturbative 
quantum correction the constants a, /3, 7 are fixed order 
by order, while here we treat them as arbitrary param- 
eters. How serious would this deviation be is not clear 
at this moment. We hope that this type of deviation is 



acceptable to study finite energy classical solutions. 

2. Actually there is another way to regularize the Cho- 
Maison monopole. Since the ansatz ^ tells that the 
monopole singularity comes from the singularity of B^ , 
we can regularize it embedding the hypercharge U(l) to 
SU(2)y- This, of course, will add an intermediate scale 
My (somewhere between the electroweak and grand uni- 
fication scales) which will change the monopole mass to 
the order Myja em The embedding of the elec- 
troweak SU{2) x U(l) to a larger group could naturally 
arise in the left-right symmetric grand unification mod- 
els, in particular in the 5*0(10) grand unification. 

3. One might try to regularize the Cho-Maison monopole 
introducing the gravitational interaction. In this case 
the asymptotic behavior of the metric will determine the 
monopole mass. However, the monopole singularity at 
the origin will not likely to change the asymptotic be- 
havior of the metric [9(. 

4. Finally it must be kept in mind that our estimate of 
the monopole mass is based on the assumption that the 
electroweak monopole is a finite energy soliton. As we 
have emphasized, the Cho-Maison monopole can have an 
arbitrary mass. 

Certainly the existence of the electroweak monopole 
of the mass around 4 to 7 TeV should have important 
implications, in particular in cosmology. This is because, 
unlike the grand unification monopole, this monopole is 
supposed to be produced after inflation. But what is 
remarkable is that this monopole is within the range of 
the present LHC, so that the MoEDAL should be able 
to detect it Q ■ A detailed discussion of our work will be 
published in a separate paper [TFJ]. 
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